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Glutathione (GSH) is present in almost 
all cell types playing an important func- 
tion in organisms. It is the main antiox- 
idant in many cell types and it also reg- 
ulates the function of proteins, including 
transcription factors (reviewed in Pallardo 
et al., 2009; Markovic et al., 2010; Garcia- 
Gimenez et al., 2013a). 

Over recent years, growing evidence has 
suggested a link between GSH metabolism 
and the control of epigenetic mecha- 
nisms. Epigenetics is defined as the mitoti- 
cally/meiotically heritable changes in gene 
expression that are not due to changes 
in the primary DNA sequence. This link 
between GSH and epigenetics occurs at 
different levels. Hence, GSH can affect 
DNA and histone methylation, and also 
it binds to histones throughout the cys- 
teines in the histone H3. Pioneer work 
showed how oxidized GSH inhibits the 
activity of S-adenosyl methionine syn- 
thetase, MAT1A. This key enzyme is 
involved in the synthesis of S-adenosyl 
methionine (SAM), which is used by DNA 
methyltransferases (DNMTs) and histone 
methyltransferases (HMTs) as a substrate 
for DNA and histone methylation, respec- 
tively (Pajares et al., 1992; Martinez- 
Chantar and Pajares, 1996). Therefore, it 
is possible to alter the methylation sta- 
tus of the genome and modify the epi- 
genetic signature in cells by modulating 
SAM levels. Methylation of DNA and his- 
tone constitutes one of the most studied 
chemical modifications in the epigenetic 
code, which shapes gene-expression pat- 
terns usually, but not always, repressing 
gene transcription. Interestingly, replen- 
ishment of GSH levels recovers the activity 



of MAT1A (Mato et al, 2002) thereby con- 
tributing to the homeostasis of DNA and 
histone methylation. 

GSH influence on the epigenetic mech- 
anisms may go beyond mere regulation of 
SAM levels by the mechanism described 
above. Our recent results (Garcia-Gimenez 
et al., 2013b) report the implication of 
GSH in the regulation of epigenetic mech- 
anisms by redox phenomena. We recently 
described the S-glutathionylation of his- 
tone H3 as a new post-translational mod- 
ification, PTM in the histone code. In 
this modification, GSH binds to CysllO 
in histone H3 (Histone H3 variants, H3.1, 
H3.2, and H3.3) producing changes in the 
stability of the nucleosomes and altering 
the chromatin structure by decreasing the 
proportion of a-helices. Interestingly, we 
also observed how S-glutathionylation of 
H3 increased in proliferating cells but not 
in quiescent cells, suggesting that GSH 
modifies the structure of the chromatin 
during cell proliferation. The implications 
of these results are relevant because the 
opening of the chromatin by histone glu- 
tathionylation contributes to the bind- 
ing of the replication machinery to the 
DNA. Furthermore, the ability of GSH 
to open the chromatin may increase the 
susceptibility of DNA to the attack of 
DNA-interacting drugs. Our results agree 
with those obtained by de Luca et al. in 
which glutathionylation of H3 may facil- 
itate the interaction of doxorubicin with 
DNA, thereby increasing the effect of the 
treatment to doxorubicin-resistant MCF7 
breast cancer cells (de Luca et al., 2011). 

However, the epigenetic mechanisms 
described above are just two examples 



of the many epigenetic events in which 
GSH may be involved. For example, 
oxidative stress induces the formation 
of methionine sulfoxide from methion- 
ine and this molecule can immediately 
react with radical hydroxyl to generate 
a methyl radical that non-enzymatically 
and non-specifically methylates cytosine 
in the DNA (Kawai et al, 2010). This 
phenomenon could produce deleterious 
effects in our epigenome (Lewandowska 
and Bartoszek, 2011). Fortunately, a 
GSH-dependent enzymatic mecha- 
nism that prevents the production of 
methionine sulfoxide does exist. The 
GSH/glutaredoxin system can regenerate 
the activated form of methionine sulfoxide 
reductase, MSR, the enzyme that converts 
methionine sulfoxide to methionine (Kim, 
2012). Therefore, GSH/glutaredoxin/MSR 
prevents the generation of the methyl rad- 
ical and contributes to the regeneration of 
methionine, which in turn is introduced in 
the methionine cycle to recover the SAM 
levels. 

Furthermore, it was recently reported 
that oxidative stress affects methionine 
synthase (MS), an important enzyme 
in the regeneration of methionine from 
homocysteine (Muratore et al, 2013). 
A decrease in MS activity results in ele- 
vated levels of homocysteine, which is 
associated with blindness, neurological 
symptoms, and birth defects including 
encephalopathy and megaloblastic anemia 
(Outteryck et al, 2012). For this reason, 
cellular redox control in which GSH, as the 
main cellular antioxidant is involved, con- 
fers GSH the relevant role of controlling 
key enzymatic processes. These are directly 
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related to the homeostasis of DNA methy- 
lation to prevent extensive DNA and his- 
tone methylation changes, which in turn 
would produce harmful consequences. 

A number of diseases have been 
described in which impaired methyla- 
tion and changes in GSH levels have 
been reported. This is the case of several 
psychiatric disorders, like schizophre- 
nia (Regland et al, 1994; Yao et al, 
2006), bipolar disorder (Frey et al., 2007; 
Kuratomi et al., 2008), and autism (James 
et al., 2004, 2006) which underscores the 
role of GSH and DNA methylation in these 
diseases. 

Therefore, the evidence reported in 
this manuscript indicates that pharmaco- 
logical interventions designed to recover 
GSH homeostasis favor the correct func- 
tion of the methionine cycle (MAT1A and 
MS), the replenishment of SAM, and pre- 
vent the non-specific methylation reac- 
tions by reducing MSR. Furthermore, as 
mentioned above, oxidative stress con- 
trols the activity of MS, which produces 
methionine. This amino acid is then used 
by the MAT1A (which is also controlled 
by the GSH/GSSG ratio) to produce SAM. 
This intermediate, besides participating as 
a substrate for DNMTs and HMTs, is 
also one of the precursors of the tran- 
sulfuration pathway that finally produces 
cysteine, which is used for the synthesis 
of GSH. 

Consequently, efforts to increase 
cellular GSH concentration by direct 
administration of GSH analogs have been 
a challenge over recent decades (reviewed 
in Wu and Batist, 2013). Some approaches 
were developed for clinical application in 
order to increase the stability and uptake 
of GSH by cells (Sheh et al, 1990; Shibata 
et al., 1995). Therefore, by controlling 
the levels of both metabolites we can 
counterbalance the cellular redox and 
methylation status. In so doing, it was 
found that the administration of drugs 
(i.e., butanedisulphonate) that increase 
the levels of SAM produces the recovery 
of GSH levels. This strategy was proposed 
as a therapeutic approach in HIV patients 
with central nervous system affectation 
who presented decreased concentrations 
of SAM and GSH (Castagna et al, 1995). 
However, the recovery of GSH concen- 
tration in human tissues is difficult due 
to its biochemical and pharmacokinetic 



properties but different strategies are being 
developed to replenish GSH levels (for a 
review see Cacciatore et al, 2010). Due 
to the short half-life of GSH in human 
plasma and its difficulty to penetrate the 
plasma membrane, it is necessary to pro- 
vide a high dose to recover physiological 
levels of the GSH. The use of prodrugs is 
the most promising approach (Anderson 
and Luo, 1998) and they present the pos- 
sibility to be used as modulators of GSH 
and SAM levels in this kind of diseases. 

Another possible approach is the use 
of co-drugs. Two different compounds are 
administered simultaneously, when using 
this class of chemicals. Both compounds 
are linked to each other by using a cova- 
lent bond that is cleavable which regen- 
erates the original drug with adequate 
bioavailability. Investigations in this type 
of compounds have already been reported 
(Ehrlich et al., 2007). In addition, as we 
have described, oxidative stress produces 
methionine sulfoxide, which is epigenet- 
ically toxic. Therefore, the use of antiox- 
idants could prevent the formation of 
this oxidized amino acid. It was recently 
reported that antioxidants like vitamin 
C regulate epigenetic mechanisms. It has 
been described how vitamin C, modulates 
the activity of Tet methylcytosine dioxy- 
genases, which are involved in the for- 
mation of 5-hydroxymethylcytosine, thus 
participating in the demethylation of DNA 
(Chen et al, 2013; Minor et al, 2013). 
These authors described how vitamin C 
by acting as a cofactor for Tet pro- 
teins enhances the 5-hidroxymethylation 
of cytosine (5-hmC) at critical loci for 
somatic cell reprogramming (Chen et al., 
2013; Minor et al, 2013). Thus, they 
described for first time the role of ascor- 
bate modulating the epigenetic control 
of genome. The authors also studied the 
effect of GSH as reducing agent, but they 
observed that levels of 5-hmC were not 
affected (Minor et al., 2013). However, 
in their experiments the authors used 
GSH, which do not penetrate the plasma 
membrane. It would be very relevant to 
reproduce their experiments by incubating 
MEFs with glutathione ethyl ester, which 
is able to cross the cellular membranes to 
conclude if GSH can affect the levels of 
5-hmC in the DNA. 

The related mechanisms described in 
this manuscript place the GSH and redox 



control in the landscape of the epigenetic 
regulation. The modulation of GSH and 
SAM levels has the potential to control 
oxidative stress and epigenetics. Therefore, 
the design of strategies and the synthesis 
of therapeutic drugs that help to reestab- 
lish the levels of these key molecules are 
crucial for therapeutic interventions in 
epigenetic-related diseases. 

REFERENCES 

Anderson, M. E., and Luo, J. L. (1998). Glutathione 
therapy: from prodrugs to genes. Semin. Liver Dis. 
18, 415-424. doi: 10.1055/s-2007-1007174 

Cacciatore, I., Cornacchia, C., Pinnen, R, Mollica, A., 
and Di Stefano, A. (2010). Prodrug approach 
for increasing cellular glutathione levels. 
Molecules 15, 1242-1264. doi: 10.3390/molecules 
15031242 

Castagna, A., Le Grazie, C, Accordini, A., Giulidori, 
P., Cavalli, G., Bottiglieri, T., et al. (1995). 
Cerebrospinal fluid S-adenosylmethionine 
(SAMe) and glutathione concentrations in 
HIV infection: effect of parenteral treatment 
with SAMe. Neurology 45, 1678-1683. doi: 
10.1212/WNL.45.9.1678 

Chen, J., Guo, L., Zhang, L., Wu, H., Yang, J., Liu, H., 
et al. (2013). Vitamin C modulates TET1 function 
during somatic cell reprogramming. Nat. Genet. 
45, 1504-1509. doi: 10.1038/ng.2807 

de Luca, A., Moroni, N., Serafino, A., Primavera, A., 
Pastore, A., Pedersen, J. Z., et al. (2011). Treatment 
of doxorubicin-resistant MCF7/Dx cells with nitric 
oxide causes histone glutathionylation and reversal 
of drug resistance. Biochem. J. 440, 175-183. doi: 
10.1042/BJ20111333 

Ehrlich, K., Viirlaid, S., Mahlapuu, R., Saar, K., 
Kullisaar, T., Zilmer, M., et al. (2007). Design, 
synthesis and properties of novel powerful antiox- 
idants, glutathione analogues. Free Radio. Res. 41, 
779-787. doi: 10.1080/10715760701348611 

Frey, B. N., Andreazza, A. C, Kunz, M., Gomes, 

F. A., Quevedo, J., Salvador, M., et al. (2007). 
Increased oxidative stress and DNA damage 
in bipolar disorder: a twin-case report. Prog. 
Neuropsychopharmacol. Biol. Psychiatry 31, 
283-285. doi: 10.1016/j.pnpbp.2006.06.011 

Garcia-Gimenez, J. L., Markovic, J., Dasi, F., Queval, 

G. , Schnaubelt, D, Foyer, C. FL, et al. (2013a). 
Nuclear glutathione. Biochim. Biophys. Acta 
1830, 3304-3316. doi: 10.1016/j.bbagen.2012. 
10.005 

Garcia-Gimenez, J. L., Olaso, G., Hake, S. B., Bonisch, 
C, Wiedemann, S. M., Markovic, )., et al. 
(2013b). Histone h3 glutathionylation in prolif- 
erating mammalian cells destabilizes nucleosomal 
structure. Antioxid. Redox Signal. 19, 1305-1320. 
doi: 10.1089/ars.2012.5021 

James, S. J., Cutler, P., Melnyk, S., Jernigan, S., Janak, 
L., Gaylor, D. W., et al. (2004). Metabolic biomark- 
ers of increased oxidative stress and impaired 
methylation capacity in children with autism. Am. 
J. Clin.Nutr. 80, 1611-1617. 

James, S. J., Melnyk, S., Jernigan, S., Cleves, M. 
A., Halsted, C. H., Wong, D. H., et al. (2006). 
Metabolic endophenotype and related genotypes 
are associated with oxidative stress in children with 



Frontiers in Pharmacology [ Experimental Pharmacology and Drug Discovery 



May 2014 | Volume 5 | Article 88 | 2 



Garcia-Gimenez and Pallardo 



Importance of glutathione in epigenetics 



autism. Am. J. Med. Genet. B Neuropsychiatr. Genet. 
141B, 947-956. doi: 10.1002/ajmg.b.30366 

Kawai, K., Li, Y. S., Song, M. P., and Kasai, H. 
(2010). DNA methylation by dimethyl sulfoxide 
and methionine sulfoxide triggered by hydroxyl 
radical and implications for epigenetic modifica- 
tions. Bioorg. Med. Chem. Lett. 20, 260-265. doi: 
10.1016/j.bmd.2009.10.124 

Kim, H. Y. (2012). Glutaredoxin serves as a reductant 
for methionine sulfoxide reductases with or with- 
out resolving cysteine. Acta Biochim. Biophys. Sin. 
44, 623-627. doi: 10.1093/abbs/gms038 

Kuratomi, G., Iwamoto, K., Bundo, M., Kusumi, 
I., Kato, N., Iwata, N., et al. (2008). Aberrant 
DNA methylation associated with bipolar 
disorder identified from discordant monozy- 
gotic twins. Mol Psychiatry 13, 429-441. doi: 
10.1038/sj.mp.4002001 

Lewandowska, J., and Bartoszek, A. (2011). DNA 
methylation in cancer development, diagnosis 
and therapy-multiple opportunities for geno- 
toxic agents to act as methylome disruptors 
or remediators. Mutagenesis 26, 475-487. doi: 
10.1093/mutage/ger019 

Markovic, J., Garcia-Gimenez, J. L., Gimeno, A., Vina, 
J., and Pallardo, F. V. (2010). Role of glutathione 
in cell nucleus. Free Radic. Res. 44, 721-733 doi: 
10.3109/10715762.2010.485989 

Martinez-Chantar, M. L., and Pajares, M. A. (1996). 
Role of thioltransferases on the modulation of 
rat liver S-adenosylmethionine synthetase activ- 
ity by glutathione. FEBS Lett. 397, 293-297. doi: 
10.1016/S0014-5793(96)01201-X 

Mato, J. M., Corrales, F. J., Lu, S. C, and Avila, M. 
A. (2002). S-Adenosylmethionine: a control switch 
that regulates liver function. FASEB }. 16, 15-26. 
doi: 10.1096/fj.01-0401rev 



Minor, E. A., Court, B. L., Young, J. I., and Wang, 
G. (2013). Ascorbate induces ten-eleven translo- 
cation (Tet) methylcytosine dioxygenase-mediated 
generation of 5-hydroxymethylcytosine. /. Biol. 
Chem. 288, 13669-13674. doi: 10.1074/jbc.C113. 
464800 

Muratore, C. R., Hodgson, N. W., Trivedi, M. S., 
Abdolmaleky, H. M., Persico, A. M., Lintas, C, 
et al. (2013). Age-dependent decrease and alter- 
native splicing of methionine synthase mRNA in 
human cerebral cortex and an accelerated decrease 
in autism. PLoS ONE 8:e56927. doi: 10.1371/jour- 
nal.pone.0056927 

Outteryck, O., de Seze, J., Stojkovic, X, Cuisset, J. 
M., Dobbelaere, D, Delalande, S., et al. (2012). 
Methionine synthase deficiency: a rare cause 
of adult-onset leukoencephalopathy. Neurology 
79, 386-388. doi: 10.1212/WNL.0b013e318 
260451b 

Pajares, M. A., Duran, C, Corrales, E, Pliego, M. 
M., and Mato, J. M. (1992). Modulation of rat 
liver S-adenosylmethionine synthetase activity by 
glutathione. /. Biol. Chem. 267, 17598-17605. 

Pallardo, F. V., Markovic, J., Garcia, J. L., and Vina, J. 
(2009). Role of nuclear glutathione as a key reg- 
ulator of cell proliferation. Mol. Aspects Med. 30, 
77-85. doi: 10.1016/j.mam.2009.01.001 

Regland, B., Johansson, B. V, and Gottfries, C. G. 
(1994). Homocysteinemia and schizophrenia as a 
case of methylation deficiency. /. Neural Transm. 
Gen. Sect. 98, 143-152. doi: 10.1007/BF012 
77017 

Sheh, L., Chen, B. L., and Chen, C. E (1990). Synthesis 
of cyclic peptide homologs of glutathione as 
potential antitumor agents. Int. J. Pept. Protein 
Res. 35, 55-62. doi: 10.1 1 1 1399-301 1.1990.tb 
00721.x 



Shibata, S., Tominaga, K., and Watanabe, S. 
(1995). Glutathione protects against hypoxic/ 
hypoglycemic decreases in 2-deoxyglucose uptake 
and presynaptic spikes in hippocampal slices. Eur. 
J. Pharmacol. 273, 191-195. doi: 10.1016/0014-299 
9(94)00727-0 

Wu, J. PL, and Batist, G. (2013). Glutathione 
and glutathione analogues; therapeutic poten- 
tials. Biochim. Biophys. Acta 1830, 3350-3353. doi: 
10.1016/j.bbagen.2012.11.016 

Yao, J. K., Leonard, S., and Reddy, R. (2006). Altered 
glutathione redox state in schizophrenia. Dis. 
Markers!!, 83-93. doi: 10.1155/2006/248387 

Conflict of Interest Statement: The authors declare 
that the research was conducted in the absence of any 
commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 05 December 2013; accepted: 09 April 2014; 
published online: 05 May 2014. 

Citation: Garcia-Gimenez JL and Pallardo FV (2014) 
Maintenance of glutathione levels and its importance 
in epigenetic regulation. Front. Pharmacol. 5:88. doi: 
10.3389/fphar.2014.00088 

This article was submitted to Experimental 
Pharmacology and Drug Discovery, a section of 
the journal Frontiers in Pharmacology. 
Copyright © 2014 Garcia-Gimenez and Pallardo. This 
is an open-access article distributed under the terms of 
the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licen- 
sor are credited and that the original publication in 
this journal is cited, in accordance with accepted aca- 
demic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



www.frontiersin.org 



May 2014 | Volume 5 | Article 88 | 3 



